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Abstract 
The passive film that forms on aluminum in 1:1 ethylene carbonate + ethylmethyl 
carbonate with 1.2M LiPF6 and 1:1 ethylene carbonate + dimethyl carbonate with 1.0M 
LiPF6 was investigated by a combination of electrochemical quartz crystal microbalance 
measurements (EQCM), electrochemical impedance spectroscopy (EIS), and x-ray 
photoelectron spectroscopy.  During anodic polarization of aluminum a film of AlF3 
forms on top of the air-formed oxide, creating a duplex, or two-layered film.  The 
thickness of the AlF3 increases with the applied potential.  Independent measurements of 
film thickness by EQCM and EIS indicate that at a potential of 5.5V vs. Li/Li+, the 
thickness of the AlF3 is approximately 1 nm.  
 
Introduction 
The corrosion resistance of aluminum in organic electrolytes composed of LiPF6 
dissolved in linear plus cyclized carbonates is exploited in lithium-ion batteries.  
Although aluminum is resistant to corrosion in battery electrolytes with LiPF6, aluminum 
is not immune to corrosion.  Aluminum serves as the current collector for the battery’s 
cathode and is, in principle, subject to corrosion especially during charging of the 
batteries.  Corrosion of the aluminum current collector is not expected wherever the 
cathode covers the current collector.  However, the cathode is intentionally made porous 
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in order to increase the cathode/electrolyte interfacial area. Inspections of aluminum 
current collectors indicate the incidence of corrosion is low but non-negligible, and that 
the corrosion is localized.1,2  The localized nature of the corrosion is related to the 
cathode’s through-the-thickness porosity, which exposes to the electrolyte a limited 
number of small regions of the current collector.   
 
Aluminum current collectors don’t corrode at pores in the cathode simply because 
aluminum is in contact with the electrolyte.  In electrochemical tests, aluminum 
electrodes that are not covered by a cathode are not significantly corroded.2  A recent 
study concluded that underdeposit corrosion, which is a type of crevice corrosion, is the 
most likely mechanism of localized corrosion of aluminum current collectors.2  That is, 
aluminum locally corrodes underneath the cathode where electrolyte is trapped in 
microscopic  crevices formed between the porous cathode and current collector. 
 
While aluminum is susceptible to underdeposit corrosion in battery electrolytes with 
LiPF6, aluminum is very resistant to uniform corrosion and pitting corrosion in these 
same solutions.1-11  At low potentials (below approximately 4V, according to results 
presented in the current paper) aluminum is protected against uniform and pitting 
corrosion by its air-formed oxide,1,7,8 which is usually < 5 nm thick.8  At high potentials 
(above approximately 4V) in LiPF6-electrolytes, aluminum is oxidized, but its oxidation 
results in a solid product that forms on top of the air-formed oxide and protects the 
aluminum against further corrosion.  The identity of the outer layer is the focus of the 
present paper. 
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The value in knowing the identity of the outer layer is related to reducing the corrosion of 
current collectors.  Underdeposit corrosion of aluminum current collectors must occur as 
a consequence of the failure to form the outer layer on top of the air-formed oxide, or as a 
result of the break down of the outer layer. 
 
If underdeposit corrosion happens because the outer layer of film does not form, then, in 
order to understand the mechanism of underdeposit corrosion of aluminum current 
collectors, it is necessary to understand the factors that control formation of the outer 
layer of film.  On the other hand, if underdeposit corrosion occurs by the break down of 
the outer layer, then, to improve understanding of the mechanism of underdeposit 
corrosion, it is necessary to understand what contributes to destabilization of the outer 
layer.  In either case, as a first step towards understanding what factors might affect the 
formation or break down of the outer layer, it is necessary to know the identity of the 
outer layer. 
 
The present study focuses on identifying the outer layer and a separate inquiry 
investigates the factors that affect the formation of the outer layer.12 
 
The majority of earlier investigations of the film formed on top of aluminum’s air-oxide 
in LiPF6/organic carbonate electrolytes have concluded that the film contains fluoride, 
possibly in the form of AlF3,1,4,6,8-10 but the exact identity of the film remains elusive.  In 
fact, a recent study suggests that the film’s key component is phosphorus rather than 
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fluoride.11  In our view, the lack of consensus regarding the film’s identity is related to 
the use of only one or two different techniques to probe the film.  In the present paper, we 
investigate the identity of the film formed on aluminum anodically polarized in 1:1 
EC+DMC with 1M LiPF6 and in 1:1 EC+DMC with 1.2M LiPF6 with three different 
experimental techniques.  Collectively, the results indicate that the protective film is a 
combination of an inner layer of air-formed oxide and an outer layer of AlF3. 
 
Experimental Procedure 
Electrolytes and Samples 
Ethylene carbonate (EC, 99%), dimethyl carbonate (DMC), and LiPF6 (99.99%) were 
purchased from Alfa, from Grant Chemical (DMC Lot No: 4143600 09100), and from 
Aldrich, respectively.  1:1 (by volume) EC+DMC with 1.0 M LiPF6 was prepared in a 
dry and deoxygenated glove box by mixing the above chemicals in their as received 
condition. Gen2 electrolyte (1.2 M LiPF6/EC+EMC) was purchased from Merck and 
purified at Quallion. 
 
Electrochemical quartz crystal microbalance (EQCM) experiments were conducted on 
one micron thick films of aluminum that were sputter deposited onto quartz crystals.  
Prior to deposition of aluminum, the quartz crystals were coated with a thin film of 
titanium, which aided adhesion of aluminum.  The EQCM aluminum samples were 
prepared by Maxtek, Inc.  
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In addition to EQCM experiments, electrochemical impedance spectra were measured for 
samples of aluminum (99.8%) foil in 1:1 EC+DMC with 1M LiPF6.  The aluminum foil 
samples were 0.05 mm thick, circular in shape with an area of 0.5 cm2, and were 
purchased from Aldrich Chemical Co.  
 
Finally, to investigate the electrochemical stability of the battery electrolytes, cyclic 
polarization curves were measured using platinum as the working electrode.  The 
platinum samples was a 5 mm long wire with a diameter of 1 mm.  
 
Prior to testing, the surfaces of all aluminum and platinum samples were rinsed with 
acetone. 
 
Electrochemical Measurements 
Multiple anodic polarization scans were conducted on one-micron thick aluminum 
samples deposited onto 5 MHz quartz crystals (sample’s surface area = 1.372 cm2). The 
sample’s potential was varied at a sweep rate of 5 mV/s, starting at a potential between 
1.8V and 2.5V and finishing at a potential between 5.5V and 7.0V.  During each scan, the 
change in sample’s mass was measured simultaneously with the electrochemical cell’s 
current. The EQCM (Model RQCM) was manufactured by Maxtek, Inc. and the sample’s 
potential was controlled by a Gamry Potentiostat (Model PCI 4/750).  Lithium from 
Cyprus Foote Mineral Company was used for reference and counter electrodes.  
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Electrochemical impedance spectra (EIS) were measured at 2.8V, before and after 
polarizing the sample to 5.5V, and also at 4.5V for a sample that had been polarized to 
5.5V.   Electrochemical impedance was measured as a function of frequency by applying 
to the DC polarized aluminum sample a ±20 mV volt signal that varied sinusoidally with 
time over the frequency range from 10 kHz to 0.01 Hz.  
 
The EIS were obtained using a Solartron 1260 impedance gain-phase analyzer with a 
Solartron 1286 electrochemical interface. Tests were conducted in a three-electrode 
Teflon cell with an electrolyte volume of 3 cc, a Li/Li+ reference electrode, a platinum 
counter electrode, and a circular aluminum foil sample with a surface area of 0.5 cm2. 
 
Cyclic polarization curves (CP) were measured for circular aluminum foil samples 
(diameter = 8 mm) in a three-electrode Teflon cell with an electrolyte volume of 3 cc.  
The counter electrode and reference electrode were made of lithium, which was 
purchased from Cyprus Foote Mineral Company.  
 
After electrochemical testing, the aluminum samples were examined with an optical 
microscope (50x-500x) for evidence of corrosion. 
 
X-ray photoelectron spectra (XPS) (Phi 5400 ESCA; monochromatic Al Kα = 1486.6 eV) 
were measured for the film formed on aluminum that was anodically polarized at 7.0V 
vs. Li/Li+ in 1:1 EC+DMC with 1M LiPF6.  
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Results 
 
EQCM Tests 
Figure 1(a) presents the anodic polarization behavior in Gen 2 of two samples of one-
micron thick aluminum sputter deposited onto quartz crystals. The samples are labeled A 
and B.  The changes in mass that occurred during the polarization tests of samples A and 
B are discussed in the next paragraph.  The anodic polarization of sputter-deposited 
aluminum is a function of the number of anodic scans.  The data in Figure 1a compare the 
anodic polarization behaviors during the first and fourth scans.  Similar behavior was 
detected for both samples.  For sample A, when the potential during the first scan reached 
4.1V, the anodic current density sharply increased from < 1 µA/cm2 and reached its 
maximum value of 13.6 µA/cm2 at ≈ 4.575V.  
 
The total anodic charge passed as the current density of sample A increased to its 
maximum value of 13.6 µA/cm2 at a potential of 4.575V was 645 µCoul/cm2.  If the total 
amount of anodic charge were due to oxidative dissolution of aluminum, the mass of 
aluminum would have decreased by 60x10-9 gm/cm2, which is an amount that is 
detectable by the EQCM.  Furthermore, the amount of oxidization was sufficient that if 
all of the oxidization current went into formation of a surface film, the increase in mass 
of the sample would likely be detectable by EQCM.  
 
Figure 1b plots the change in mass of the sputter-deposited aluminum sample A during 
anodic polarization.  Similar results were obtained for the second sample, B.  The 
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measurements of mass change were made concurrently with the measurements of 
oxidation current presented for both samples in Figure 1a.   
 
From Figure 1b, the mass of Sample A increased by ≈ 0.12 µg/cm2 as the oxidation 
current density reached its maximum value at a potential of 4.575V.  The mass increase 
suggests that the anodic current density’s sharp increase, which began at ≈ 4.1V, is 
related to film formation.  The size of the mass increase helps to identify the film. 
 
If the 645 µCoul/cm2 of charge that is associated with the 0.12 µg/cm2 mass increase, 
were entirely associated with film formation, the film would have an mpe (mass per 
equivalent charge) of 18.0 g/F.  In the Discussion, the film will be identified on the basis 
of its mpe of 18.0 g/F, its elemental composition as provided by XPS, which is presented 
below, and its electrochemical impedance spectra, which are also presented below.  At 
this point, suffice it to say, the rise in oxidation current between 4.1V and 4.575V (see 
Figure 1a) is attributed to the formation of a film.    
   
Additional information regarding the reactions that are responsible for the anodic current 
density on Sample A at potentials above 4.1V is provided by the changes in the 
electrode’s mass, starting at 4.1V and extending to the maximum value of applied 
potential, 5.5V (see Figures 1a and 1b).  While the mpe between 4.1V and 4.575V is 18.2 
g/F, the mpe between 4.575V and 5.5V is 14.1 g/F.  The decrease in mpe at higher 
potentials might be due to the formation of a new compound that has a lower mpe than 
the film that forms at lower potentials.  Alternatively, the lower mpe might be due to a 
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non film-forming oxidation reaction in combination with the same film formation process 
that occurs at lower potentials.  
 
The occurrence of a non film-forming reaction at high potentials is indicated by the 
results of the fourth anodic scan of the EQCM experiment presented in Figures 1a and 1b.  
Starting at approximately 4.5V during the fourth anodic scan the oxidation current starts 
to slowly increase with increasing potential.  The rate of current increase with increasing 
potential rises sharply at approximately 5.1V.  Despite the increases in current, the 
measurement of mass presented in Figure 1b indicates there is little, if any, change in 
mass of the aluminum electrode. Since an increase in mass does not accompany the rise 
in current, the current is not associated with film formation.   Possible non-film forming 
oxidation reactions include oxidation of the electrolyte’s components (solvent and/or 
anion), which becomes more likely the higher the potential. Thus, the lower mpe 
associated with film formation at high potentials (4.575V to 5.5V) is related to a non 
film-forming reaction accompanying formation of the same film that forms at lower 
potentials (4.1V to 4.575V). 
 
Oxidation of the electrolyte is investigated by anodically polarizing platinum and the 
outcome is presented at the end of the Results section.  
 
In summary, the increase in mass of the aluminum electrode as a result of anodic 
polarization (Figure 1b) indicates that a film was formed on the surface of aluminum at 
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potentials above 4.1 V, and at potentials above approximately 4.5V, the film formation is 
accompanied by a non film-forming oxidation reaction. 
 
The second EQCM experiment and all remaining experiments were conducted in 1:1 
EC+EMC with 1.0M LiPF6, which is a concentration of LiPF6 that is slightly less than 
the concentration of LiPF6 in Gen 2.  The new electrolyte was employed to match the 
electrolyte used in some batteries,2 as well as in some earlier studies.1,10  As shown 
below, the decrease in concentration of LiPF6 from 1.2M to 1.0M and the change in 
solvent from EC+EMC to EC+DMC did not have an effect on the anodic polarization 
behavior of aluminum. 
 
Figures 2(a,b,c,d) show the results of the second EQCM experiment.  The results 
reproduce the polarization results shown in Figures 1a and 1b, and make clear the effect 
of potential on film growth.  Comparison of Figure 2a with Figure 1a confirms that the 
anodic polarization behavior of aluminum in 1:1 EC+DMC with 1M LiPF6 is essentially 
no different from the anodic polarization behavior in 1:1 EC+EMC with 1.2M LiPF6.  
During the first anodic scan (Figures 2(a,b)), the oxidation rate sharply increases, starting 
at a potential of ≈ 4.1V. At potentials between 4.1V and 4.632V the electrode’s mass 
increased by only a small amount and the mass increased in an irregular fashion as the 
potential increased.  The total increase in mass (0.17 µg/cm2) divided by the total charge 
passed (1045 µCoul/cm2) as the potential increased from 4.1V to 4.632V yields an mpe 
of 15.7 g/F, which suggests that the oxidation results in film-formation (and possibly a 
small amount of electrolyte oxidation).  
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A constant rate of mass increase starts at 4.632V and the mass continues to increase as 
the potential is raised to its maximum value of 6.5V (Figure 2b).  The mass increased by 
0.73 µg/cm2 and a total of 4483 µCoul/cm2 was passed as the potential was raised from 
4.632V to 6.5V.  Dividing the mass increase by the coulombs passed gives an mpe equal 
to 15.7 g/F, which, in comparison to the mpe of 18.0 g/F measured during anodic 
polarization between 4.1V and 4.575 V (see Figure 1a), is consistent with film formation 
and a small amount of electrolyte oxidation.  
 
Second and third anodic scans (not shown) were taken to the same maximum voltage of 
6.5V and no change in mass occurred. During a fourth anodic polarization scan (Figures 
2(c,d)) the oxidation current and the mass of the electrode increased significantly only 
after the potential exceeded approximately 6.5V, which is the maximum potential 
reached in the first anodic scan (Figure 2a), as well as in the second and third (identical) 
anodic scans (not shown).  That the rate of oxidation and the mass increase only after the 
potential exceeds 6.5V indicates that film growth occurs only when the aluminum is 
exposed to a higher potential than it has previously experienced.  
 
As already mentioned, the maximum potential during the fourth and final anodic scan 
was increased from 6.5V, which was the value employed for the first three scans, to 7.0V.  
As the potential was increased from approximately 6.1V to 7.0V during the final anodic 
scan, the mass of the electrode increased by 0.095 µg/cm2 (Figure 2d) and a total of 932 
µCoul/cm2 of charge was passed (Figure 2c).  The calculated mpe is 9.8 g/F, which is 
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significantly less than the values of mpe that occurred at lower potentials.  The mpe of 
9.8 g/F suggests the formation of a different film than that which formed at lower 
potentials, or that a greater amount of electrolyte oxidation occurs at the higher 
potentials, along with formation of the same film that developed at lower potentials.  The 
measurements of mass as a function of applied potential indicate that the rate of mass 
increase with increasing potential rose sharply at approximately 6.5V, which was the 
maximum potential applied to the sample in the first three anodic scans.  Once again, film 
growth, as measured by an increase in mass, occurred when the sample was exposed to a 
potential higher than it had previously experienced. 
 
Electrochemical Impedance Spectroscopy  
The electrochemical impedance spectra (EIS) presented in Figure 3 provide further 
evidence of film formation at potentials above approximately 4.0V. The first 
electrochemical impedance spectrum was obtained at 2.8V, which is the corrosion 
potential.  The sample was then anodically polarized from 2.8V to 5.5V at a rate of 5 
mV/s.  Following the potentiodynamic polarization, EIS were obtained at 4.5V, and at 
2.8V. 
 
The three spectra in Figure 3 are modeled by a resistor in series with a constant phase 
element (CPE).  The CPE is associated with aluminum’s surface film.  The capacity of 
the surface film can be obtained from the impedance at 1 Hz.  The modulus of the 
impedance at 1 Hz, Z(1 Hz), in the first spectrum, which was measured at 2.8V, is equal 
to 5.63x104 ohm•cm2. After potentiodynamic anodic polarization to 5.5V, Z(1 Hz) 
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increased to 7.27x104 ohm•cm2 and remained at this value when the potential was 
lowered to 4.5V and to 2.8V. The increase in Z(1 Hz) caused by polarization to 5.5V is 
consistent with the formation of a film at 5.5V.   Once formed at 5.5V, the film persists at 
lower potentials of 4.5V and 2.8V. 
 
The impedance of the CPE is given by (2πf/fo) -αC , where f  is the frequency in s-1, fo = 1 
Hz, and α is measured as 0.88.  The capacity at 2.8V is calculated to be 3.58 µF/cm2 and 
that at 4.5V is 12.6 µF/cm2.  The measurements of capacity are employed in the 
Discussion to estimate the thickness of the film formed on aluminum. 
 
X-ray Photoelectron Spectroscopy 
The results, presented in Figures 4(a,b), of x-ray photoelectron spectroscopy of aluminum 
anodically polarized to 7V in Gen 2 indicate the presence of Al bonded to O and Al 
bonded to F.  
 
Braithwaite et al.1 measured the XPS of aluminum polarized in 1:1 EC+DMC with 1M 
LiPF6 and obtained results similar to those presented in Figure 4(a, b).   In particular, in 
addition to fluoride and oxygen, the results indicate the presence of carbon and 
phosphorus. 
 
Non-Film-Forming Reactions at Potentials > 4.0V 
The anodic polarization behavior of platinum in Gen 2 indicates that a non-film-forming 
reaction, consisting of oxidation of components of the electrolyte, might occur on 
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aluminum at potentials > 4.0V.  The anodic polarization behavior of platinum in Gen 2 is 
presented in Figure 5.  The sharp increase in oxidation current on a platinum electrode at 
potentials above approximately 3.5V is presumably the result of oxidation of an 
electrolyte component.  Oxidation of the electrolyte on the platinum electrode suggests 
that oxidation of the electrolyte might also occur on anodically polarized aluminum at the 
same time the protective film is forming.    
 
 
Discussion 
Summary of Key Experimental Results 
The increase in mass during the first anodic polarization to Vmax > 4.1V, and the absence 
of a mass increase during subsequent polarization scans to the same Vmax (see Figure 1b) 
indicate the formation of a film on aluminum.  The highest measured value of mpe is 18.2 
g/F; the mpe decreases as the potential increases. The value of 18.0 g/F is most likely the 
mpe of the protective film formed on aluminum.  The influence of potential on mpe along 
with the oxidation measured on platinum electrodes polarized above 3.5V suggest that at 
high potentials film formation on aluminum is accompanied by electrolyte oxidation.  
XPS indicates the presence of F, O, C and P on the surface of aluminum anodically 
polarized at 7.0V. 
 
In the Discussion, the results are further analyzed in order to determine (1) the identity of 
the protective film, (2) the thickness of the protective film; and (3) to compare the current 
results with earlier work.  
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Identity of Film Formed on Anodically Polarized Aluminum 
It is well-known that a thin film of γ-Al2O3 covers aluminum exposed to air at room 
temperature.13  The air-formed surface oxide is responsible for aluminum’s resistance to 
corrosion in 1:1 EC+DMC with 1M LiPF6 at potentials less than approximately 4.0V (see 
Figure 1a).  In a separate study we demonstrate that aluminum, which has a standard 
reduction potential of 1.38 V vs Li/Li+ (Li/Li+ = -3.05 v. SHE), is oxidized at potentials 
as low as 1.0 V when mechanically stripped of its air-formed oxide.12  The impedance 
spectrum of aluminum immersed in 1:1 EC+DMC with 1M LiPF6 (Figure 3) indicates the 
air-formed film on aluminum is approximately 1.2 nm to 2.4 nm thick (see Appendix I), 
which is in good agreement with the thickness of 2 nm-4 nm estimated in earlier studies 
using Auger electron spectroscopy and XPS.14,15 
 
As mentioned in the Results section, the EQCM measurements of the polarization 
behavior of aluminum with its air-formed surface oxide during anodic polarization from a 
lower limit of 1.5V or 2.5V to an upper limit that ranges from 5.5V in Gen2 (Figure 1a) 
to 6.5V (Figure 2a) and 7.0V (Figure 2c) in 1:1 EC+DMC with 1M LiPF6 suggests that a 
protective film is formed on top of the air-formed film.  In particular, the oxidation rate 
during the second-fourth scans to the same maximum voltage is considerably lower than 
during the first scan.   
 
The identity of the protective film is revealed by the combined results of EQCM and 
XPS.  Table I summarizes the influence of potential on the mpe during film formation.  In 
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general, as the maximum applied potential increases, the mpe decreases.  As already 
mentioned in the Results section and as is discussed below, the decrease in mpe with 
maximum applied voltage is attributed to the occurrence of non film-forming reactions at 
high values of potential (i.e., ≥ 4.5V).  Therefore, the mpe associated primarily, if not 
solely, with film formation is 18.0 g/F, which was measured during polarization between 
4.1 and 4.575 V (the lowest values of voltage in which a mass increase was measured; 
see Figures 1a and 1b). 
 
The mpe of 18.0 g/F is close to the mpe of AlF3, 19.0 g/F.  The combination of the mpe 
of 18.0 g/F and the strong fluoride peak in the XP spectrum of the sample polarized to 
7.0V (see Figure 4(a,b)) strongly suggest that the oxidation of aluminum forms a film of 
AlF3. 
 
The O= peak in the XP spectrum suggests that the air-formed film is still present on the 
aluminum and that the AlF3 layer forms on top of the air-formed oxide.   
 
Comparison of Present Results with Earlier Results 
Morita et al.10 indicated that Al(OH)3 and Al2O3, as well as AlF3, formed during anodic 
polarization of aluminum in 1:1 EC+DMC with 1M LiPF6.  Presumably, the formation of 
Al(OH)3 (mpe = 17 g/F) and Al2O3 (mpe = 8 g/F) is a consequence of water 
contamination of the electrolyte.  In the present study, the water concentration was < 1 
ppm (measured by Karl Fischer Titration) and it is unlikely that a significant amount of 
hydroxide or oxide would form.  
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Note that phosphorus and carbon are also present in the XP spectra in Figure 4a.  The 
detection of phosphorus duplicates the finding of Braithwaithe et al.1  The presence of 
phosphorus is consistent with the suggestion of Zhang and Jow7 that phosphorus, and not 
fluoride, is the key element in the protective film formed on aluminum.  However, the 
mpe values measured in this study range from 18.0 g/F at low potentials to 9.8 g/F at high 
potentials and, in our view, are best explained by the formation of AlF3, accompanied at 
higher potentials by electrolyte oxidation (see below). 
 
Table II summarizes the results of a number of earlier investigations of the film that 
forms on aluminum during anodic polarization in electrolytes composed of organic 
carbonates with LiPF6.  The results indicate a range in the critical value of potential 
above which the film forms.  Some of the scatter is due to the different voltage sweep 
rates that were employed by different investigators.  Generally, the higher critical 
potentials were measured using higher sweep rates (e.g., 50 mV/s).  After accounting for 
the effect of sweep rate, most of the reported values of critical potential (column 4, Table 
II) are close to the value of 4.0V measured in the present study.  Most studies have 
concluded that the film that forms on aluminum consists in whole, or in part, of AlF3 
(column 5, Table II). In the earlier studies, the evidence for AlF3 mostly came from XPS 
measurements of the film.  The present EQCM results complement the earlier results by 
combining EQCM and EIS with XPS.  
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Other investigators, which employed salts other than, or in addition to, LiPF6 (see rows 7 
and 9 of Table II), have proposed that the film of AlF3 forms from the air-formed oxide 
film. In films formed on aluminum anodically polarized in electrolytes with a mixed salt 
of LiCF3SO3 + LiPF6 Nakajima et al.9 proposed that the fluoride ion that forms the AlF3 
comes from the oxidation of CF3SO3- and that other products of the oxidation of CF3SO3- 
reduce the air-formed Al2O3 to Al.  F- then reacts with Al to form AlF3.  Kanamura et al.8 
proposed that when 0.01M HF is added to the organic electrolyte composed of PC with 
LiCF3SO3 and Li(CF3SO2)2, the air formed film of Al2O3 is converted to AlOF and AlF3.  
Collectively, the present results of EIS and EQCM indicate that during anodic 
polarization of aluminum in 1:1 EC+DMC with 1M LiPF6, a film of AlF3 forms on top of 
the air-formed oxide, and that the formation of AlF3 does not involve the decomposition 
of the air-formed film.  That is, if AlF3 (mpe = 19.0 g/F) formed at the expense of Al2O3 
(mpe = 8.0 g/F), the net mpe would be considerably smaller than the measured value of 
18.0 g/F.  Thus, the film on aluminum that is anodically polarized in 1:1 EC+DMC with 
1M LiPF6 is a duplex film consisting of an inner layer of air-formed Al2O3 and an outer 
layer of AlF3. 
 
Thickness and Protectiveness of AlF3  
As mentioned in the Results, the capacitance of aluminum, covered with its air-formed 
oxide, is 3.6 µF/cm2, which suggests the thickness of the air-formed film is 
approximately 1.2 nm to 2.5 nm.  Anodic polarization of aluminum to 5.5V increases the 
capacitance to 12.6 µF/cm2.  Assuming the increased capacitance is due to formation of 
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AlF3 on top of the air-formed oxide, the thickness of the AlF3 is equal to 1.0 nm (see 
Appendix II). 
 
The EQCM measurements provide a second estimate of the thickness of the AlF3 film 
that forms on top of the air-formed oxide (see Appendix II).  Using the density of AlF3 (= 
2.882 g/cc), the film formed at 5.5V is 1.2 nm thick, which agrees well with the thickness 
of 1.0 nm estimated from capacity measurements. 
 
Although the AlF3 film is only approximately 1 nm thick, it significantly adds to the 
corrosion resistance of the air-formed oxide.  In a separate study, the additional corrosion 
protection provided by the AlF3 is demonstrated by the significant increase in 
aluminum’s resistance to pitting corrosion in 1:1 EC+DMC with 1M LiTFSI.12 
 
The layer of AlF3 that forms on top of the air-formed oxide is crucial for the corrosion 
resistance of aluminum current collectors.  Based on the corrosion performance of 
aluminum in a number of electrolytes, both aqueous and nonaqueous, the air-formed 
oxide should not be expected to protect aluminum against oxidation at voltages much 
higher than approximately 4 V vs. Li/Li+.  For example, in aqueous solutions of 1M 
NaNO3, 1M KSCN, and 1M NaCl, pitting corrosion of aluminum starts at potentials of 
5.0V, 4.5V, and 2.6V, respectively.18  In aqueous 10M H2SO4 and aqueous 12M H3PO4, 
aluminum uniformly oxidizes,19 forming an anodized surface film, at potentials above 
approximately 4.5V vs Li/Li+.  In non-aqueous solutions, such as 1:1 EC+DMC with 1M 
LiTFSI, the air-formed oxide on aluminum breaks down at potentials around 4.0V and 
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the aluminum suffers significant pitting corrosion.5,6,8,20-22  Consequently, it is no surprise 
that aluminum, which is protected only by its air-formed oxide, is susceptible to 
oxidation at potentials above 4.0V in 1:1 EC+DMC with 1M LiPF6.    
 
Aluminum current collectors might experience potentials as high as 4.2V during battery 
charging.  From the prospective of maintaining a functioning cathode in Li-ion batteries, 
it is fortunate that aluminum’s oxidation produces AlF3, which is sufficiently insoluble in 
EC+DMC that it forms as a protective layer on top of the air-formed oxide.  In contrast, 
AlF3 is reasonably soluble in aqueous solutions so that even very dilute aqueous solutions 
of HF (e.g., 0.001M) cause very severe corrosion of aluminum.14 
 
Electrolyte Oxidation at High Potentials 
Finally, consider the possible reasons why the mpe associated with film formation on 
aluminum decreases as the applied potential during anodic polarization of aluminum 
increases (see Table I).  In principle, the decreasing value of mpe could be due to either 
the formation of films other than AlF3 and with lower mpe, or the formation of AlF3 
along with electrolyte oxidation.  Since XPS of aluminum polarized to the high potential 
of 7.0V exhibited strong peaks for F-, which is attributed to AlF3, and O=, which is 
assigned to Al2O3, the decreasing value of mpe is not associated with a change in the film 
that forms.  In addition, possible films, other than AlF3, with mpe < 19 g/F include AlOF 
(mpe = 11 g/F) and Al2O3 (mpe = 8 g/f).  However, AlOF and Al2O3 seem unlikely to 
form because there is insufficient water.  Also, the anodic polarization of platinum (see 
Figure 5) indicates that the electrolyte can be oxidized at low potentials on platinum, 
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which opens up the possibility of electrolyte oxidation at higher potentials on aluminum 
covered with air-formed oxide plus AlF3.  The carbon and phosphorus peaks in the XPS 
of the film formed on aluminum that was anodically polarized to 7.0V might belong to 
products of the electrolyte’s oxidation. 
 
The solvents of EC+DMC and EC+EMC are the components of the electrolyte that are 
most likely oxidized at relatively low potentials (e.g., above approximately 4.5V).23-25  
The oxidation potential of the anion PF6- was measured as 4.94V (on the surface of a 
glassy carbon electrode).26  Hence, oxidation of PF6- is unlikely to occur on the surface of 
platinum at potentials as low as 3.5V and on aluminum at potentials approximately equal 
to 4.5V.   
 
Summary and Conclusions 
The results presented in this paper indicate that a protective film is formed on aluminum 
when anodically polarized in 1:1 EC+EMC with 1.2M LiPF6 and in 1:1 EC+DMC with 
1.0M LiPF6.  Film formation starts at potentials around 4.1V.  The amount of the film 
increases with increasing applied potential.  
 
Results of EQCM experiments indicate the film formation is characterized initially by an 
mpe of 18.0 g/F and at higher potentials by an mpe of 9.8 g/F.  The most likely 
explanation for an mpe of 18.0 g/F is that the oxidation of aluminum produces a film of 
AlF3 (mpe = 19.0 g/F).  EIS support the view that oxidation of aluminum produces a film 
of AlF3.  Based on impedance measurements the surface of aluminum is initially covered 
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with a 1.2 nm to 2.4 nm thick layer of air-formed Al2O3.  Anodic polarization to 5.5V 
increases the impedance and is consistent with the formation (on top of air-formed Al2O3) 
of a thin layer of AlF3.  Based on electrode’s increase in mass, the film of AlF3 is 
estimated to approximately 1 nm thick.. 
 
The formation of AlF3 is further supported by the results of the film’s XP spectrum, 
which indicated the presence of fluoride ions.  An mpe of 9.8 g/F, which occurs at higher 
potentials, is likely the result of at least two reactions: (1) formation of a film of AlF3 and 
(2) oxidation of the electrolyte.  Electrolyte oxidation occurred at low potentials on 
platinum, and suggests, but does not prove, that electrolyte oxidation might compose 
some or all of the non-film-forming reactions that accompany protective film formation 
on aluminum. 
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Appendix I 
Thickness of Air-Formed Oxide 
The thickness of the air-formed oxide on aluminum and the thickness of the AlF3 that 
forms on top of the air-formed oxide are estimated from the EIS (Figure 3).  The 
impedance spectra are modeled by a constant phase element in series with a resistance.  
The constant phase element represents the impedance associated with aluminum’s surface 
film. The impedance of the CPE is given by 1/[2πf/fo]αC, and C is assigned to the 
capacitance of the surface film, C = εεo/dfilm, where ε is the film’s dielectric constant and 
dfilm is the film’s thickness.  
 
An air-formed film of Al2O3, which has a dielectric constant of between 5 and 10,14 is 
assumed to cover the aluminum surface. The impedance at 1 Hz measured at the open 
circuit potential of 2.8V (see Figure 3) consists of the modulus of the impedance, which 
equals 5.63x104 ohm•cm2, and the phase angle of 77.3°.  The calculated value of the 
capacitive impedance is 5.49x104 ohm•cm2 and indicates the thickness of the air-formed 
oxide is between 1.2 and 2.5 nm.  The range in thickness is due to the range in possible 
values of the air-formed oxide’s dielectric constant.  The calculated thickness of the air-
formed film is in good agreement with earlier measurements with Auger electron 
spectroscopy (AES) and EIS, which indicate that the thickness of the air-formed film on 
aluminum is in the range of 2-4 nm.14,15 
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Appendix II 
Thickness of AlF3 
Assuming that a duplex film, consisting of the air-formed Al2O3 plus an outer layer of 
AlF3, which has a dielectric constant of 2.2,16 is present on the aluminum surface 
anodically polarized to 5.5V, the CPE’s measured impedance (Figure 3) provides an 
estimate of the thickness of the AlF3 layer.  The modulus of the impedance is 7.27x104 
ohm•cm2 and the phase angle is 77.3° at a frequency of 1 Hz.  The capacitive impedance 
is, therefore, 70,919 ohm•cm2.  For a constant phase element with α = 0.88, the 
capacitance associated with the impedance is 2.8 µCoul/cm2.  The capacitance of 2.8 
µCoul/cm2 is assumed to result from the capacitance of the air-formed oxide (3.6 
µCoul/cm2) in series with the capacitance of the AlF3.  Consequently, the capacitance of 
the AlF3 is 12.6 µCoul/cm2. 
A capacitance of 12.6 µCoul/cm2 associated with a film whose dielectric constant is 2.2, 
suggests the thickness of the film is 0.14 nm. The film’s estimated thickness is very thin 
and calls into question the validity of the assumptions that the film is of uniform 
thickness and/or that the film’s dielectric constant is 2.2.  We conclude that the film is 
thin and might not be uniformly thick, and that the measurement of capacitance does not 
provide a reliable estimate of the film’s thickness. 
 
 
The thickness of the layer of AlF3 can also be estimated from the EQCM data in Figure 
1b.  When anodically polarized from approximately 4.1V to 5.5V the mass of the 
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aluminum electrode was increased by 0.4 µg/cm2.  Assuming the density of AlF3 is 2.882 
g/cc,17 the thickness of the AlF3 formed by anodic polarization to 5.5V is 1.4 nm. 
 
Collectively, the EQCM and EIS results suggest a thin film of AlF3, which is 
approximately 1 nm thick, forms on top of an air-formed oxide that is 1.2 – 2.5 nm thick, 
when aluminum is anodically polarized to +5.5V. 
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Table I   
Influence of Potential on Value of MPE 
 
Figure  Electrolyte  Vi?Vmax  imax(µA/cm2) mpe (g/F)  
1a/1b  1.2M LiPF6   4.1V->4.575V  13.57  18.0 
  in 1:1 in EC+EMC 
 
1a/1b  1.2M LiPF6   4.575V->5.5V  11  14.1   
  in 1:1 in EC+EMC 
 
2a/2b  1.0M LiPF6   4.0V->4.632V  16.54  15.7 
  in 1:1 in EC+DMC 
 
2a/2b  1.0M LiPF6   4.632V->6.5V  12  15.7 
  in 1:1 in EC+DMC 
 
2c/2d  1.0M LiPF6   6.068V->7.0V  10  9.8 
  in 1:1 in EC+DMC 
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Table II Investigations of Surface Films Formed on Aluminum in Electrolytes with LiPF6  
Salt Solvent Reference Critical 
Potential 
Main Results 
LiPF6 
LiN(SO2CF3)2 
1:1 
EC+DME 
X. Wang 
et al.6 
≥ 4.0 V 
increases with 
[LiPF6] 
Prot. film contains AlF3. 
F- from decomp of PF6-. 
LiPF6 PC Kanamura 
et al.3 
≈4.2V (50 mV/s) Prot. film formed at 
5.5V/1h contains AlF3. 
AlF3 identified by XPS. 
LiPF6 1:1 
PC+DEC 
and 
EC+DMC 
Braithwaite
et al.1 
>3.7V 
(voltage sweep 
rate not 
specified) 
Film mainly determined 
by LiPF6. 
Binding Energy (XPS) of 
F- in film => film ≠ 
metal 
fluoride. 
LiPF6 EC+DME Zhang and 
Low7 
≥ 3.8 V (5 mV/s) More stable film formed  
in EC+DMC than in EC+ 
DME 
LiPF6 PC Yang et 
al.5 
≥6V (50 mV/s) 
scratched 
electrode 
Prot. film forms in xM 
LiPF6 + (1-x)M  
LiN(CF3SO2)2 for x = 0.5
but not for x = 0.1. 
LiPF6 PC Kanamura 
et al.8 
≈ 4.3 V (5 mV/s) Oxidation above 4.3V 
forms protective film 
LiCF3SO3 
Li(CF3SO2)2 
PC Kanamura 
et al.8 
≈ 5.3V (10 
mV/s) 
Small amt. of F- through-
out film is from 
oxidation 
of CF3SO3-. 
0.01M HF changes film 
from air-formed Al2O3 to 
AlF3 and AlOF. 
0.01M HF decreases amt. 
of pitting and is assoc.  
with prot. film. 
LiPF6 EC+DEC Iwakura 
et al.4 
≈4.0V (5 mV/s) F- detected by XPS 
in prot. film 
LiCF3SO3 
+ LiPF6 
EC+DEC Nakajima 
et al.9 
≈4.0V (10 mV/s) Products of oxidation of 
CF3SO3- reduce air- 
formed Al2O3 to Al. 
Oxidation of complex  
fluoride anion creates 
highly reactive F and F-, 
which react with bare  
Al to form prot. film. 
LiPF6 EC+DMC Morita  
et al.10 
3.0V (10 mV/s) Prot. film, mpe = 30g/F. 
XPS=> prot. film = AlF3 
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+ Al2O3 + Al(OH)3. 
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List of Figures 
 
Figure 1a. First and fourth anodic polarization scans of two, sputter-deposited thin films 
of aluminum in Gen 2 electrolyte. 
 
Figure 1b. Change in mass of sputter-deposited thin film of aluminum (Sample A) during 
the first and fourth anodic polarization scans in Gen 2 electrolyte. 
 
Figure 2a. First anodic polarization scan from 2.5V to 6.5 V of sputter deposited thin film 
of aluminum in 1:1 EC+DMC with 1M LiPF6. 
 
Figure 2b. Change in mass of sputter-deposited, thin film of aluminum during the first 
anodic polarization scan in 1:1 EC+DMC with 1M LiPF6 (same scan as in Figure 2a). 
 
Figure 2c. Fourth anodic polarization scan from 2.5V to 7.0 V of sputter deposited thin 
film of aluminum in 1:1 EC+DMC with 1M LiPF6. 
 
Figure 2d. Change in mass of sputter-deposited, thin film of aluminum during the fourth 
anodic polarization scan in 1:1 EC+DMC with 1M LiPF6 (same scan as in Figure 2c). 
 
Figure 3. Bode plot of electrochemical impedance of aluminum in Gen 2 electrolyte (1) at 
2.8V in the as-immersed condition, (2) at 4.5 V following polarization to 5.5 V, and (3) at 
2.8 V following polarization to 5.5 V. 
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Figure 4a. XPS spectrum of aluminum after anodic polarization in Gen 2 from OCP to 
7.0 V vs Li/Li+. 
 
Figure 4b. XPS spectrum of Al 2p for aluminum sample after anodic polarization in Gen 
2 from OCP to 7.0 V vs Li/Li+. 
 
Figure 5. Fourth anodic polarization scan of platinum in 1:1 EC+DMC with 1M LiPF6. 
 










